Lanthanum zirconia (La 2 Zr 2 O 7 ) has become an advanced thermal barrier coating material due to its low thermal conductivity and high temperature stability. In this work, the first principles calculations were used to study the thermodynamic properties of the material. Lattice parameters, bulk and shear modulus, and specific heat of La 2 Zr 2 O 7 were calculated by means of density functional theory (DFT). Hydrostatic pressure-dependent elasticity constants and bulk modulus were also studied. The thermal conductivity was calculated based on the Fourier's law. The calculated properties are in excellent agreement with the experimental and calculation results in literature.
Introduction
Pyrochlore A 2 B 2 O 7 (A and B are both metals) has drawn interests recently due to its potential application in thermal barrier coating applications. The B element in A 2 B 2 O 7 typically is a transition metal or a post transition metal with variable oxidation states, and the A element typically is a rare earth element or an element with inert single-pair of electrons [1] . As a typical pyrochlore structure, La 2 Zr 2 O 7 exhibits lower thermal conductivity and good thermal stability at high temperatures. So it is recently widely proposed for thermal barrier coating (TBC) applications. Thermal barrier coatings are multi-layered material systems deposited on blades of gas turbine engine to thermally insulate them and to protect them against hot and corrosive gas streams [2] .
Typical structure of a thermal barrier coating includes four layers: superalloy substrate, bond coat,thermally grown oxide (TGO), and ceramic top coat. The nickel and cobalt based superalloy substrate is air cooled from the inside. The bond-coat is an oxidation-resistant layer which also has a close thermal expansion coefficient with the substrate, so that there is less stress due to differential thermal expansions. Typically bond coat consists of a NiCoCrAlY alloy with a thickness of 100-by air plasma spraying (APS) or electron-beam physical vapor deposition (EB-PVD) methods. At high temperature operation conditions, the bond coat is inevitably oxidized to form a thermally grown oxide layer with a 1-10 which is located between the bond coat and the ceramic top coat. Typically TGO is formed as an -Al 2 O 3 layer which can be an excellent oxygen diffusion barrier to protect the bond-coat from further oxidation [2, 3] . The ceramic top coat is a low thermal conductivity ceramic material with a typical thickness of 100-by APS or EB-PVD methods. 6%-8% yttria-stabilized zirconia (YSZ) is now widely used as top coat. YSZ top coat has the thermal conductivity about 2.0-2.3 W/m/K at 1000 o C [4, 5] at fully dense. Whereas La 2 Zr 2 O 7 top coat has a thermal conductivity about 1.55W/m/K at 1000 o C at fully dense [6] . La 2 Zr 2 O 7 has a lower thermal conductivity than YSZ. And La 2 Zr 2 O 7 has no phase change while heated from room temperature to its melting point [7] . So it is thermally stable during the heating and cooling stages. La 2 Zr 2 O 7 can be a better contestant for advanced thermal barrier coating.
Vassen et al [6, [8] [9] [10] experimentally studied the properties of La 2 Zr 2 O 7 , including the thermal conductivity, specific heat at constant pressure, Young's modulus and thermal expansion coefficient [6] . YSZ and La 2 Zr 2 O 7 were comparatively studied [9] . The only disadvantage of La 2 Zr 2 O 7 is that it has a relatively low thermal expansion coefficient. Through doping, the thermal expansion coefficient of La 2 Zr 2 O 7 can be increased [9] . Liu [13] calculated the elastic constant, Young's modulus and thermal conductivity of La 2 Zr 2 O 7 by first principles theory and pseudo-potential total energy method. From the results of elastic stiffness, the anisotropic Young's modulus on (0 1 1) plane was calculated. The volume and relative bond ratio as a function of hydrostatic pressure were also computed. By examining the bond length and applied pressure, the La-O bonds were shown to be weaker than the Zr-O bond in La 2 Zr 2 O 7 .
Chartier [14] used molecular dynamics to calculate the specific heat of La 2 Zr 2 O 7 at constant pressure, and studied the formation energy of point defects. A displacement cascade in La 2 Zr 2 O 7 crystal was investigated. The result showed that in pristine La 2 Zr 2 O 7 the primary radiation induced damage was a transition towards the disordered fluorite state.
Although there are several previous studies on La 2 Zr 2 O 7 , there is a lack of fundamental understanding the thermodynamic properties of the material, which hinders its application in thermal barrier coating. This work will focus on the thermodynamic properties and mechanical properties using the first principles calculations.
Method

Density function theory
The calculations in this study were based on the first principles method using the density functional theory (DFT), described by the Schrödinger equation. Density function theory (DFT) was initiated as an alternate approach to solve the Schrödinger equation. DFT expresses the theory of electronic structure by electron density distribution n(r) rather than the many-electron wave function [15] . DFT uses the Kohn-Sham equation to express the density distribution [16] [17] [18] [19] :
where m is electron mass, h is Planck's constant, nk (r) is electron wave function, r is the coordinate of electron, V(r) is a potential energy that defines the interaction between an electron and the collection of atomic nuclei, V H (r) is the Hartree potential which defines the Coulomb repulsion between electrons, V XC (r) is the functional derivative of the exchange-correlation potential. V H and V XC can be expressed: 
Geometry optimization
Geometry optimization was conducted to find the equilibrium lattice parameter at the minimum energy position [21] . The optimized lattice parameter using CASTEP was 10.73Å for the conventional cell, and 7.59 Å for the primitive cell. Figure 2 shows the free energy as a function of lattice parameter using VASP. The optimized lattice parameter was 10.875 Å, where the corresponding free energy was -803.749eV. The calculated lattice parameter is very close to previous study using CASTEP, 10.73 Å [13] , and 10.802 Å using XRD analysis [22] . 
Results and discussion
Energy and specific heat of La 2 Zr 2 O 7
The calculated free energy, enthalpy and entropy as a function of temperature are shown in Figure 3 . The entropy increased with increasing temperature, due to increased configurations. The enthalpy increased slowly and the total free energy decreased as the temperature increased. The enthalpy exhibited the increased thermal energy. Since the Gibbs free energy equals to the enthalpy minus the product of temperature and entropy, it is reasonable that the free energy decreased as temperature increased. The calculated specific heat (Cp) at constant pressure is shown in Figure 4 in the temperature range of 0 K to 1600 K. It should be noted that the low temperature data are very difficult to measure by experiment. The value of specific heat increased as the temperature increased. When the temperature reached above 600 K, the specific heat reached a plateau. The specific heat values were 0.4~0.467 J/g/K from 600 K to 1600 K. As shown in Figure 4 , the comparison with experimental data from Vassen's group [6, 8] and calculation from Chartier [14] is excellent. Chartier [14] Vassen [6, 8] 
Elastic properties of La 2 Zr 2 O 7
The elastic constants of a material describe its response to an applied stress or, conversely, the stress required to maintain a given deformation. Both stress and strain have three tensile and three shear components, giving six components in total. The linear elastic constants form a 6 × 6 symmetric matrix, having 27 different components: 
But for La 2 Zr 2 O 7 structure, there are only three independent elastic constant C 11 , C 12 , and C 44 due to cubic structure. Table 1 shows the elastic constants, the bulk modulus and the shear modulus, which are in agreement with previous calculation [13] . The bulk modulus and lattice parameter as a function of hydrostatic pressure are plotted in Figure 5 . The bulk modulus increased and the lattice parameter decreased with increasing pressure. The volume ratio and the relative bond length as a function of hydrostatic pressure are shown in Figure 6 . It is clear that the volume ratio and the relative bond length decreased as the pressure increased, as expected [13] . When the three independent elastic constant C 11 , C 12 , and C 44 in all direction are available, the anisotropic characteristics of La 2 Zr 2 O 7 can be calculated using the Zener anisotropy ratio [23] :
For Z=1 the material is isotropic. When Z<1 the maximum Young's modulus is located in the <1 0 0> direction. When Z>1, the maximum Young's modulus is located in the <1 1 1> direction [23] . Using the elastic constants in 
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Thermal conductivity of La 2 Zr 2 O 7
A super cell which contains 1×1×20 conventional cells was used to calculate thermal conductivity (Figure 8a ). The total length of the super cell was 218.739038Å. Thermostat decay constant was set 0.1 s, time step 5s/step and 300 steps. The decay constant is the time required for the temperature reaches to half of the difference between the initial and target temperatures. Fig. 8b shows the calculate temperature contour. Figure 10 shows the temperature distribution along the super cell. A smooth temperature distribution was observed, which is consistent with Figure 8b . Figure 11 shows the energy flux evolution, which in agreement with Figure 9 . From these figures, it can be concluded that the calculated thermal conductivity was converged. 
